The present study was undertaken to evaluate the arsenic and chlorpyrifos-induced apoptosis alone or in combination. In addition, the ameliorative efficacy of curcumin on as and/or chlorpyrifos-induced apoptosis in rat thymocytes in vivo. Adult male Wistar rats weighing 80-100g were divided into nine groups containing seven animals in each. The rats were fed with arsenic (20 ppm) in drinking water, chlorpyrifos (5 mg/kg body wt.), curcumin (100 mg/kg body wt.) and their combination for 28 days. After 28 days of exposure period, animals were sacrificed with cervical dislocation and thymus was collected to harvest the thymocytes and further reactive oxygen species (ROS) generation (by using non fluorescent DCFH-DA), % apoptotic DNA (by using propidium iodide) and mitochondrial transmembrane potential (by using DiOC 6 ) were evaluated using Becton Dickenson Flowcytometer. The results showed that, the chlorpyrifos-induced per cent apoptotic DNA content (15.75±1.38), cells with loss of ψ Δm (16.70±1.33) and ROS generation (23.93±1.18) were significantly higher than the arsenic alone (10.95±1.05), (13.75±1.44) and (21.86±0.84) respectively, at given doses due to increased production of ROS. Arsenic and chlorpyrifos in combination potentiated the induction of apoptosis than their alone effect, however concurrent administration of curcumin considerably inhibited the induction of apoptosis by scavenging free radicals.
INTRODUCTION
It is becoming increasingly evident that environmental exposures in humans and animals are not just limited to single chemicals. Rather, they are exposed concurrently or sequentially to a large number of chemicals from a variety of sources. Arsenic is a well-recognized multisite human carcinogen presently affecting more than 24 countries around the world. In West Bengal, more than 6 million people in nine districts are endemically exposed to inorganic arsenic by drinking heavily contaminated groundwater from hand-pumped tube-wells (Chowdhury et al., 2001) while Ballia district of eastern Uttar Pradesh (GOI, 2011) and arsenic contamination in Ganga-MeghnaBrahmaputra (GMB) plain (Chakraborti et al., 2010) are heavily contaminated with arsenic. Arsenic concentrations in groundwater of these districts range from 50 to 1200 µg/l, far above the current maximum permissible limit of 10 µg/l laid down by World Health Organization (WHO, 1996; 2011) . Soluble inorganic arsenic is acutely toxic. Intake of inorganic arsenic over a long period can lead to chronic arsenic poisoning (arsenicosis) and effects, take years to develop depending on the level of exposure, include skin lesions, peripheral neuropathy, gastrointestinal symptoms, diabetes, renal system effects, cardiovascular disease and cancer. The exact mechanism by which arsenic exerts its toxic effect is not clear. Indeed, some studies suggest that As III exert its toxicity by generating reactive oxygen species (ROS) and thereby oxidative stress (Chang et al., 2007) and ultimately apoptosis (Das et al., 2009; Prakash et al., 2011; Khan et al., 2013; Kumar et al., 2014) .
Chlorpyrifos (CPF) is an effective organophosphate (OP) pesticide used heavily throughout the world for agriculture and domestic purposes. The health effects caused by this occupational exposure are enormous. Chlorpyriphos (O, O-diethyl-O-(3, 5, 6-trichloro-2-pyridinyl phosphorothioate) belongs to the phosphorothioate class of insecticides. It is classified as a moderately hazardous, Class II insecticide by the WHO (WHO, 1997). The main target of OP pesticides is acetylcholinesterase (AChE), which hydrolyses acetylcholine (ACh) in cholinergic synapses and at neuromuscular junctions. CPF elicits a number of other effects including hepatic dysfunction, immunological abnormalities, embryotoxicity, genotoxicity, teratogenicity, neurochemical, and neurobehavioral changes (Rahman et al., 2002; Harford et al., 2005; Verma et al., 2007) . Acute and chronic exposure to chlorpyriphos has been shown to cause considerable liver damage. Chlorpyrifos induces apoptosis and DNA damage through generation of reactive oxygen species in drosophila (Gupta et al., 2010) , human
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Plant products are known to exert their protective effects by scavenging free radicals and modulating antioxidant defense system. Curcumin (diferuloylmethane), an important constituent of turmeric (Curcuma longa L.) has been widely used for centuries as an indigenous medicine. Curcumin has been shown to possess a broad spectrum of pharmacological activities including antineoplastic, antimutagenic, anti-inflammatory and antioxidant (Naik et al., 2004) . Curcumin is a potent scavenger of a variety of reactive oxygen species including superoxide anion radicals, hydroxyl radicals and inhibit lipid peroxidation and effectively block thiol depletion (Chattopadhyay et al., 2005) . Furthermore, Curcumin was also found to be effective in preventing methylglyoxal (MG)-induced oxidative DNA damage, cell injury, apoptosis, and generation of ROS in mononuclear cells (Chan and Wu, 2006) .
The exposure to chemical mixture is environmental reality. In view of the potential increase in the drinking water contamination with arsenic and occupational exposure to pesticides, there is practicable possibility for the co-exposure of these two agents. Arsenic affects DNA repair mechanisms and also generates free radicals. On the other hand, CPF is known to induce DNA damage and free radicals generation. Although the toxicological information on arsenic (as) and chlorpyrifos (CPF) individually is available, but no information seems to be available about the possible toxicological interactions between them, till date. As both the compounds appear simultaneously to damage DNA/inhibit DNA repair, and generate free radicals, it is of notable importance to study their interaction. In the current study, we examined whether co-exposure to as and CPF could be more hazardous than the exposure to the individual agents to rats in vivo. The results of this study could clarify the role of the popular herbal drug curcumin in prevention of arsenic and chlorpyrifos induced toxicity.
MATERIALS AND METHODS

Animals
The study was conducted in adult male Wistar rats weighing 80-100 g procured from Laboratory Animal Resource Section, Indian Veterinary Research Institute, Izatnagar. Animals were maintained under standard managemental conditions as per the Institute animal ethics guidelines and caged in clean plastic cages containing wheat straw chips for bedding with 12 h of dark and light cycle, and given nutritionally adequate standard laboratory diet, and deionized water ad libitum. Before the start of the experiment, animals were kept in laboratory conditions for at least a period of seven days for acclimatization. All the experimental animals were kept under constant observation during the entire period of study.
Chemicals
Sodium arsenite and curcumin used in the present study were purchased from M/s Sigma Aldrich, USA. All other chemicals used were of analytical grade and purchased from Merck, India, Fluka and Sigma Aldrich, USA. Chlorpyrifos (95% purity, Technical grade) was generously supplied by Meghamani Organics Limite, Ahmedabad.
Experimental Design
Adult male Wistar rats were divided into nine groups namely: control (group I), vehicle control (group II), arsenic (group III), chlorpyrifos (group IV), arsenic plus chlorpyrifos (group V), curcumin (group VI), arsenic plus curcumin (group VII), chlorpyrifos plus curcumin (group VIII) and arsenic plus chlorpyrifos plus curcumin (group IX) comprising seven animals each. Chlorpyrifos (95% technical grade) @ 5 mG/kG body wt. and curcumin @ 100 mG/kG body wt. were given daily for 28 days by gastric intubation after proper dissolving in corn oil. The vehicle control group animals received an equal volume of corn oil in an identical manner. The arsenic containing water was prepared by adding 35 mG of sodium arsenite (Fluka) to one liter of deionized water to obtain 20 ppm of arsenic and given through drinking water. Control animals received only deionized water. Various toxicity end points were determined at the end of exposure period.
Sample Collection
At the end of the treatment period rats were sacrificed by cervical dislocation. Thymus were collected and finely chopped minced and thymocytes were harvested under cold condition for examining the induction of apoptosis.
Apoptosis
Related Parameters (by Using Flowcytometry) Reactive Oxygen Species (ROS) Generation (using DCFH-DA)
The procedure was followed as described by Wang et al., (1996) . After the exposure period, thymocytes were collected in microcentrifuge tube; then cells were pelleted at 200 x g for 10 min at 20 °C. Cells were washed with PBS. DCFH-DA dye (final concentration 5 μM) was added to the sample and again kept for 15 min in the dark at room temperature. Flowcytometer analysis for DCF florescence was done as Counts vs FSC-H and 10000 thymocytes per event were taken. Per cent right shift in the florescence peak was recorded.
Apoptosis Detection (using Propidium Iodide)
After the exposure period thymocytes were isolated aseptically and washed with PBS and fixed by drop addition of ice cold 70% ethanol and stored at -20 o C overnight. The fixed cells were washed with PBS twice and suspended in 500µL of Propidium Iodide hypotonic buffer and incubated at 37 o C for 15min in dark. The PI fluorescence was measured through FL-2 filter in Becton Dickenson Flowcytometer.
Mitochondrial Trans-membrane Potential (using DiOC 6 )
Mitochondrial transmembrane potential is analyzed according to the method of Castedo et al., (2002) . Briefly, after the treatment period the cells are harvested and washed with PBS and dissolved in 0.5 ml of PBS and 25µL of DiOC 6 is added. Tubes are incubated at 37 o C for 10-15 min in dark. After the incubation, return the cells to ice and analyzed in Becton Dickinson flow cytometer through FL 1(emission: 530 nm).
DNA Laddering Assay in Thymocytes
After the exposure period, thymocytes were collected in microcentrifuge tube; cells were pelleted at 200 x g for 10 ISSN: 2307-8316 (Online); ISSN: 2309-3331 (Print) min at 20 °C. The pelleted thymocytes were lysed with 0.5 ml of hypotonic lysis buffer TTE (10mM Tris, 0.25% Triton X-100, 1 mM EDTA). Proteins were removed by phenolchloroform isoamyl alcohol (25:24:1) followed by chloroformisoamyl alcohol (24:1) extraction. The DNA was precipitated with a 1/10 volume of 3 M sodium acetate solution and 2 volumes of cold absolute ethanol at -20°C overnight. DNA pellets were washed twice with 75% ethanol, dried under vacuum and resuspended in TE (10 mM Tris-HC1, pH 7.4, 1 mM EDTA). Sample containing approximately 1123 ng of DNA were subjected to electrophoresis in 15% agarose for 1-5 h at 60 V. The gels were stained with ethidium bromide and photographed under UV transillumination.
RESULTS AND DISCUSSION
Exposure to toxic metals and pesticides remains a widespread problem worldwide. Humans and animals are chronically exposed to arsenic that occurs in drinking water and is associated with immunotoxicity (Lemarie et al., 2006; Soto-Pena and Vega, 2008) , reproductive toxicity (Chang et al., 2007 , Jhala et al., 2008 Manna et al., 2008) , tumors of skin, bladder, liver and lung and oxidative stress (Flora et al., 2005; Kinoshita et al., 2007) . Chlorpyrifos (O,O-diethyl-O-(3,5,6 -trichloro-2-pyridinyl phosphorothioate) is a broad-spectrum organophosphorus pesticide that is widely used throughout the world in agriculture and nonagricultural applications (Caroline, 1994; Richardson, 1993) . The main toxicity of chlorpyrifos is neurotoxicity, which is caused by the inhibition of acetylcholinesterase (Whitney et al., 1995; Moser, 2000; Chanda and Pope, 1996; Chakraborti et al., 1993) . On the other hand, it has been reported that chlorpyrifos caused immunologic abnormalities in animals (Blakley et al., 1999) and humans (Thrasher et al., 1993 (Thrasher et al., , 2002 , Exposure to chlorpyrifos is associated with multiple chemical sensitivity (Berkson, 1994; Ziem and McTamney, 1997) . The above findings strongly encouraged us to explore the possibility of arsenic-and chlorpyrifos-induced immunologic abnormalities. Thus, we investigated whether arsenic and chlorpyrifos induces apoptosis in rat thymocytes.
Our study examined the effect of arsenic and chlorpyrifos on induction of apoptosis in rat thymocytes. After flowcytometry analysis we found that, As and CPF alone and in combination caused significant increase in the per cent cells involved in ROS generation, apoptotic DNA content and loss of ψ Δm as compared to control and vehicle control groups. Whereas, the group of rats received curcumin with As, CPF and As plus CPF showed ameliorative property and considerably reduced the per cent of cells involved in ROS generation (Figure 1 ), apoptosis (Figure 2) , and loss of ψ Δm (Figure 3) . Environmental stressors like heavy metals and pesticides are well known to induce oxidative stress and alterations in the cellular redox balance. An imbalance between the activities of an oxidant agent and the anti-oxidant system with in the cell leads to an oxidative damage i.e. generation of reactive oxygen species (ROS) viz., superoxide radical (O 2 -), hydrogen peroxide (H 2 O 2 ) and hydroxyl radical (OH . ) (Ercal et al., 2001 ). These xenobiotics acts as catalyst in the oxidative reaction of biological macromolecules (Stohs and Bagchi., 1993; Hultberg et al., 1999; Leonard et al., 2004; Flora et al., 2008) . Arsenic (redox-inactive metal) has great affinity for -SH group of proteins (Quig, 1998) , conjugate and forms covalent attachment with intracellular GSH and inhibit glutathione reductase activity as well as GSH synthesis, thus depleting intracellular thiols (Hansen et al., 2006) and has been reported to involve oxidative DNA damage, lipid peroxidation and change in calcium and sulfhydryl homeostasis (Valko et al., 2006; Hansen et al., Leonard et al., 2004) . GSH depletion (data not shown) by As and CPF may be a trigger for the production of ROS that induce lipid, protein and DNA oxidation (Eldesoky et al., 2013) leading to lipid peroxidation of mitochondrial membrane, resulting in loss of membrane integrity and finally cell necrosis or apoptosis (Jezek and Hlavata, 2005; Kaur et al., 2006) . Apoptosis occurs when internal monitors recognize damage or malfunction and initiate signaling cascades that eventually activate caspases and endonucleases that kill the cell. Under the normal circumstances apoptosis is a naturally occurring process by which organisms intentionally eliminate damaged cells. The cell population control system disrupted by toxicant exposure (Liu et al., 2000) . The excessive generation of intracellular ROS, which is often seen in metal toxicity, and its accumulation leads to activation of caspases (Chen et al., 1998) and ultimately lead to apoptosis. Arsenic has also been shown to induce apoptosis in in vivo studies (Aggarwal et al., 2006; Bashir et al., 2006 , Prakash et al., 2011 . In the present study, arsenic, CPF and arsenic plus CPF treatment produced significant increase in ROS generation, apoptotic DNA content and loss of mitochondrial transmembrane potential and characteristic DNA fragmentation. However, the induction of ROS generation, percent apoptotic cells loss of ψ Δm in CPF alone treatment is considerably higher than arsenic alone groups. This might be due to the ability of these insecticides to alter the enzyme activities associated with antioxidant defence mechanism (Ojha et al., 2011; Chiapella et al., 2013) along with increase formation of reactive oxygen species (Shadnia et al., 2007; Abdollahi et al., 2012) . Curcumin also have chelating property and might have chelated with arsenic and helped to remove, this could be another reason of less toxic effect of arsenic than CPF alone. The induction of apoptosis in rat thymocytes by CPF is supported by the earlier studies carried out by Yu et al., (2008) in mouse retina in vivo via oxidative stress, in various studies in in vitro cultured cells (Nakadai et al., 2006; Saulsbury et al., 2007; Li et al., 2007) and in murine thymocytes 2010a; 2010b) In the current study, DNA fragmentation exhibited a pattern of degradation compatible with inter nucleosomal fragmentation of the DNA in arsenic (group III), chlorpyrifos (group IV), arsenic plus chlorpyrifos (group V). DNA fragmentation corresponding to one to three nucleosomes was identified as strong bands by gel electrophoresis. In contrast, the DNA of control (group I), vehicle control (group II) and curcumin (group VI) treated thymocytes appeared as a single molecular weight species near the origin of migration indicating the intact DNA. Arsenic plus curcumin (group VII), Chlorpyrifos plus curcumin (group VIII) and Arsenic plus chlorpyrifos plus curcumin (group IX) showed lesser extent of DNA fragmentation indicating the ameliorative effect of curcumin in arsenic and Chlorpyrifos toxicity.
Curcumin, a yellow spice and pigment from Curcuma longa L. (Zingiberaceae), is by far known for its antioxidant, antiinflammatory and anticancer activities. Curcumin has proved not to have toxic, genotoxic or teratogenic properties, so this safe phytonutrient has been widely implied in preclinical and clinical studies. Curcumin and its derivatives have shown the ability of being free-radical scavenger, interacting with oxidative cascade, quenching oxygen and chelating and disarming oxidative properties of metal ions (Borsari et al., 2002) . Curcumin has been demonstrated to inhibit the induction of apoptosis in previous studies. The inhibitory effects of curcumin on Asinduced apoptosis and improvement in the antioxidant system and antioxidative enzymes (data not shown) is in the parallel with earlier reports in arsenic-induced oxidative stress (Shankaramurthy et al., 2007) who reported that curcumin inhibits excess ROS generation, apoptosis and ψ Δm in rat T lymphocytes and rat leydig cells of testes (Khan et al., 2013) and other antioxidant vitamins in mouse retina (Yu et al., 2008) . The inhibition of ROS generation and ultimately apoptosis in the present study by antioxidants is in correlation with the earlier reports (Prakash et al., 2010b; 2011) , however the antioxidants used were quercetin and catechin in an in vitro study in murine thymocytes. Curcumin, a phenolic compound, exhibits protective effects against oxidative damage and it is considered to be a potent cancer chemo-preventive agent (Duvoix et al., 2005) . Curcumin exerts its protective effect by modulating ROS generation and augments antioxidant defense system. The ameliorative potential shown by curcumin might be due to its intrinsic antioxidant and chelation properties (Farombi and Ekor, 2006; Joe et al; . Curcumin exhibits protective effects against oxidative damage by decreasing the level of free radicals, through its free radical-scavenging activity, particularly against oxygen radicals, which inhibits -SH group oxidation (Soudamini et al., 1992; Unnikrishnan and Rao, 1992; Manikandana et al., 2004) . The antioxidant mechanism of curcumin was attributed to its conjugated structure which includes two methoxylated phenols and an enol form of β-diketone. The presence of electron donating groups like phenolic hydroxyl groups and a β-diketone structure is responsible for the typical radical trapping ability as a chain breaking antioxidant (Masuda et al., 2001) and inhibiting LPO (Osawa et al., 1995; Sreejayan and Rao, 1994; Wright, 2002) . The preventive effect of curcumin is its ability to eliminate the hydroxyl radical (Reddy and Lokesh, 1994) , superoxide radical (Sreejayan and Rao, 1994) , single oxygen (Rao et al., 1995) , nitrogen dioxide (Unnikrishnan and Rao, 1995) and NO (Sreejayan and Rao, 1994) . In addition, curcumin primary metabolite, tetrahydro curcumin, a major antioxidant with β-diketone moiety, exhibited antioxidant activity by cleavage of the C-C bond at the active methylene carbon between the two carbonyls (Pan et al., 1999) . These antioxidant properties seem to have a role in inhibiting singlet oxygen generation directly or indirectly.
In conclusion, this study indicates that chlorpyrifos alone at the given dose is more toxic than arsenic alone and their combination potentiate the induction of apoptosis and curcumin has ameliorative effect against arsenic and chlorpyrifos-induced apoptosis in rat thymocytes by its free radical scavenging activity. The mechanism of induction of apoptosis is might be due to ROS generation. The commonly available herb turmeric can be used to mitigate the toxic effects of arsenic particularly in heavily polluted areas where drinking water contamination is higher than the recommended level as well as can be used to reduce the toxicity produced by chlorpyrifos due to indiscriminate use of OPI compounds. Further study is required to elucidate the different pathways of induction of apoptosis by these xenobiotics.
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